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ABSTRACT

Simultaneous planar laser-induced fluorescence (PLIF) imaging of CH,0 and OH was performed at a repe-
tition rate of 10.kHz, jointly with chemiluminescence to explore autoigniting dimethyl ether (DME) flames
in a hot vitiated coflow burner. The focus of the study is the imaging of the flame stabilization region and
the temporal evolution of ignition kernels upstream of the flame base. Results detail the evolution of ker-
nels throughout their formation, growth and final merging with the flame base. The ignition events were
explored for a range of different fuel premixing and dilution ratios over two coflow temperatures which
result in different lift-off heights. Images of CH,O and OH over the entire flame length show that not only
is the lift-off height much higher at low coflow temperatures, but that the fluctuations are more intense
and the region of kernel formation is larger both radially and axially. In these autoignition stabilized
flames, increased premixing leads to the lift-off height and location of the maximum kernel formation
rate being further downstream. Transient 1-D simulations of hot coflow products opposed against jet fuel
mixtures identify that the overlap of CH,0 and OH PLIF signals are a reliable marker of heat release in
autoignition kernels. Measurements indicate that for the high coflow temperature cases, on average, the
heat release of individual kernels is low, despite the high total kernel formation rate. This can be cor-
related to the slow growth rate and elongated aspect ratio of the kernels. For low coflow temperature
cases, kernels are growing faster and have high heat release rates with near unity aspect ratios.

© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Dimethyl ether (DME) is a promising alternative to conven-
tional fossil fuel-derived diesel in compression ignition engines [1].
Another application of DME is in land-based gas turbines where
it can potentially replace compressed natural gas (CNG) and lig-
uefied petroleum gas (LPG) as a cleaner fuel [2]. DME has sev-
eral desirable combustion properties such as a high cetane num-
ber, low autoignition temperature and a low sooting propensity
by virtue of the fuel bound oxygen. However, due to the multiple
competing chemical pathways leading to autoignition [3], the low-
temperature chemistry of DME is significantly more complicated
compared to simpler fuels such as methane and syngas.

The autoignition combustion process compared to freely prop-
agating flames contains significant differences in terms of low-
temperature chemistry and chemical time scales; and as such has
received considerable attention both numerically and experimen-
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tally for a variety of fuels. Experimental studies have mostly fo-
cused on three jet in hot coflow burner (JHC) configurations, which
provide conditions that are comparable to practical applications
such as: exhaust gas recirculation (EGR) in gas turbines. These
three burner configurations are: (i) The jet in a hot vitiated coflow
(VCB) investigated by Cabra et al. [4,5], Gordon et al. [6,7], Olden-
horf et al. [8-11] and Arndt et al. [12,13], (ii) fuel jet in heated air,
Markides and Mastorakos [14] and, (iii) Mild combustion by Med-
well and Dally [15-17]. The JHC is studied extensively using hy-
drogen [5,7,18,19], methane [9,20] and more recently heptane [21],
which have shown qualitatively similar stability with the lift-off
height being strongly dependent on the temperature of the coflow.
High-speed imaging of chemiluminescence as well as laser-induced
fluorescence (LIF), have also shown that autoignition is initiated by
the formation of kernels upstream of the flame base [6]. Oldenhof
et al. [8,9] have used ignition statistics to identify autoignition as
the main stabilizer, indicating ignition kernels form upstream then
grow and convect downstream to meet the flame base. Ardnt et al.
[22,23] have used pulsed methane jets in a hot vitiated coflow to
confirm that ignition occurs in very lean mixtures where the scalar
dissipation rates are low.

0010-2180/© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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Using heated air to initiate autoignition, Markides and Mas-
torakos studied the effect of turbulence on ignition delay times.
They have shown that increasing the turbulent length scale by al-
tering the fuel nozzle diameter increases the ignition delay time
[32]. However, increased Reynolds number for the same jet diame-
ter increases entrainment of hot coflow fluid and hence lowers the
location where initial reactions occur [33]. In the third configura-
tion of Mild combustion, autoignition remains the dominant mode
of stabilization. However, Medwell et al. [16] highlight an ‘appar-
ent’ lift-off height upstream of a faintly attached OH tail to the
exit nozzle. This is in contrast to the more distinct OH gradient at
the flame base in the case of the JHC burner.

Numerical studies on the autoignition of turbulent flames may
be classified in two broad categories: direct numerical simulation
(DNS) and either large eddy simulations (LES) or RANS with a
relevant combustion model. DNS studies have established that au-
toignition events occur mostly in regions of lean mixture fractions
(most reactive mixture fractions) and at low scalar dissipation
rates [24,25]. Echekki and Chen [26] have shown kernels to initiate
in lean mixtures but the flame propagation crosses stoichiometric
contours leading to burning of richer mixtures. Sreedhara and
Lakshmisha [27] have shown vortex shedding in 3-D DNS pro-
duces faster ignition delay times than 2-D DNS. Cao and Echekki
[28] performed 3-D DNS, indicating lean autoignition kernels
initially propagate in a similar most reactive mixture fraction field
then extending into rich regions; a conclusion also supported by
Echekki and Chen [26]. Further details on autoignition propagation
and the coflow burner topic may be found in the review by
Mastorakos [29]. DNS studies by Yoo et al. [3,30] used chemical
explosive modes to demonstrate that lifted hot coflow flames are
stabilized by autoignition. The oscillation and upstream ‘jumps’ in
the flame base are due to kernel merging events, where premixed
stabilization is not responsible for any upstream propagation.

Large Eddy (LES) and Reynolds Average Navier Stokes (RANS)
simulations of autoigniting flames have been performed for the
various burner configurations mentioned earlier. Using RANS with
a composition probability density function (PDF) and detailed
chemical kinetics Gordon et al. [31,32] analysed the concentra-
tion of radicals and transport budgets in JHC flames at different
coflow temperatures. Numerical simulations have identified that a
radical build-up (HO,, H,0, and CH,0) occurs in the lead-up to
autoignition [33]. There is a transition from a convective-reactive
balance when autoignition prevails to a diffusive-reactive balance
when premixed flame propagation is the dominant mode of stabi-
lization [34]. Laminar DME autoigniting flames [35] have shown a
transition from autoignition to flame propagation stabilization for
increased coflow temperatures. Further PDF methods by Masri et
al. [36] showed the ignition and hence stabilization to be largely
controlled by chemistry rather than mixing rates. LES simulations
[20,37,38] of autoigniting methane flames have confirmed the con-
cept of the most reactive mixtures being responsible for initiating
autoignition.

Existing knowledge on autoignition acquired from earlier stud-
ies should carry across to DME, notwithstanding the additional
complexities of chemical kinetics. The formaldehyde radical (CH,0)
has been used as a low-temperature and ignition marker in high-
pressure experiments [39] to identify the first and second stages of
ignition for DME [40]. Imaging of OH and CH,0 LIF was performed
simultaneously [17,41-44] to identify low and high-temperature re-
gions, where their spatial overlap is employed as a marker for heat
release [45] as is done in this work.

Reliable chemical kinetic mechanisms are needed to compute
the autoignition delay times which are subsequently used to pre-
dict lift-off heights in laminar [46,47] and turbulent [48] autoigni-
tion flames. Since DME displays mild negative temperature coef-
ficient (NTC) behaviour and has significant low-temperature re-

actions [49] there are potential difficulties in obtaining reliable
mechanisms to correctly predict ignition delay times. Three mech-
anisms for DME are commonly applied (NUIG Mech_56.54 [50],
NUIG Aramco Mech 1.3 [51], and Zhao et al. [52]) with the former
showing the best agreement with measured data [53,54]. Reduced
mechanisms such as Pan et al. [55] remove certain minor path-
ways to minimize computational cost compared to the large parent
NUIG Mech_56.54 [50] mechanism. The reduced mechanism has
been shown [55] to represent experimental delay times for DME
at a range of ignition temperatures, where species, OH and CH,0
are also well represented.

The simplest reactor is typically the 0-D homogenous constant
pressure reactor, which can identify delay times and additionally
demonstrate negative temperature coefficient behaviour described
by Li et al. [56]. This was also confirmed by Echekki and Ahmed
[57] who demonstrated DME'’s dual stage ignition. Owing to im-
posed scalar dissipation from turbulent flow fields, opposed flow
simulations between cold fuel and heated oxidants are often used.
The opposed flow reactors show S-shaped plots of temperature
versus strain rate [58]; with autoignition found to occur only for
strain rates below a critical value. Increased DME fuel fraction
with N, and increased strain rates have the effect of increasing
the ignition temperature ranging between 900-1300K [59]. Tran-
sient counterflow flames (used in this study) with a heated oxidant
against a fuel jet [13, 40] have been used to identify how increased
strain rate or scalar dissipation rate serve to increase delay times.

The current paper builds upon previous work [60] that stud-
ied autoignition and flame stabilization processes in DME flames
primarily using chemiluminescence as a diagnostic tool. It ad-
dresses the influence of ignition kernels and their dependence on
the flame base stabilization. A link between the formation rates
and relative heat release of autoignition events for varying coflow
temperatures and premixing/dilution ratios with DME is observed.
Joint PLIF of OH and CH,O0 is performed to resolve the flame struc-
ture in the stabilization zone and kernel heat release measure-
ments are reported for a range of coflow temperatures.

2. Experimental setup
2.1. Hot coflow burner

The hot coflow burner in this experiment is similar to that
studied by Cabra et al. [4,5] and used previously at the Univer-
sity of Sydney [20,60]. The diameter of the coflow is 197 mm with
~1800 x 1.6 mm diameter holes to stabilize the lean H,/air flames;
the coflow shrouds the central fuel jet, having an inside diameter
(Dy) of 4.45mm. The burner produces a simplified axisymmetric
geometry making modelling and optical access very accessible. By
varying the shrouded H,/air equivalence ratio, the required coflow
temperature is established such that for this experiment a con-
stant bulk burnt velocity of U-=4m/s was maintained. The hot
coflow provides a cone of combustion products that remains un-
corrupted by laboratory air for about 60 D downstream of the sta-
bilising plate. This region is referred to as the ‘valid cone’ within
which all subsequent measurements are restricted.

Conditions selected for further study are listed in Table 1 along
with relevant flame properties. In addition to pure DME, three
other mixtures are investigated to study the effects of partial pre-
mixing with air and dilution with nitrogen. Table 1 lists two mix-
tures of DME with air for two volumetric ratios: 1:1 and 3:1 (three
parts air and one part DME) and one dilution ratio of DME and N,
at 3:1 (three parts N, and one part DME). Mean lift-off heights and
their RMS values for a range of coflow temperatures at the premix-
ing ratios studied here can be found in a previous publication [60].
Each fuel is investigated at two coflow temperatures: a lower tem-
perature (around T, =1250K) and a higher temperature coflow of
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Table 1

Fuel jet compositions studied: premixing ratio, diluent gas and jet velocity.
Jet mixing Pure DME airDME=1:1 airDME =3:1 N,:DME =3:1 airDME =3:1
Uj (m/s) 50 50 50 50 100
Rey 38,610 22,990 16,650 16,683 33,293
Te (K) 1225 1400 1250 1400 1275 1400 1275 1400 1275 1400
Eg 0.06 0.06 0.11 0.11 0.21 0.20 0.17 0.16 0.21 0.20

1
2

Fig. 1. 10 kHz experimental setup: (1) OH PLIF camera (2) OH Intensifier (3) Semrock FF01-315/15-50 (4) OH UV collection lens (5) 85 mm fx =1.2 lens (6) Semrock FF02-
409/LP-25 (7) CH,0 Intensifier (8) CH,O PLIF camera (9) CH* IRO (10) CH* camera (11) Cylindrical lens (12) CH,0 Edge wave laser (13) Dichroic mirror (14) OH Edge wave
laser (15) OH Dye laser (16) Keplerian telescope (17) Galilean telescope (18) Coflow burner.

Tc=1400K. The low coflow temperature corresponds to a high av-
erage lift-off height of x/D~ 35, resulting in coflow temperatures
ranging from T, =1225K to T,=1275K for the fuel mixtures out-
lined in Table 1. A constant high coflow temperature of T, = 1400K
was used for all premixed and diluted cases; producing a similar,
lower lift-off heights of x/D~7. The jet velocity of Uj=50m/s is
selected such that the flame base remains, for all cases, within the
valid cone while the jet Reynolds number (Re;) is sufficiently high.
The partially premixed case of air:DME=3:1 is also studied at a
higher jet velocity of U;=100m/s to report the effects of higher
mixing rates. Table 1 also shows the stoichiometric mixture frac-
tion (£), which increases slightly with decreasing coflow temper-
ature due to a slight change in the composition of the hot coflow.
That is, a T, =1225K coflow (¢ =0.31) has 14% O, content while a
Tc =1400K coflow (¢ =0.39) has 12% O, content from the products
of a Cantera [61] equilibrium solver with H,/air.

2.2. High-speed imaging setup

An experimental setup employing simultaneous high-speed
(10kHz) planar laser-induced fluorescence (PLIF) of OH and CH,0
combined with out of plane chemiluminescence imaging is ap-
plied in this study. This setup enables the investigation of spatio-
temporal dynamics from OH, CH,0 and visible broadband chemilu-
minescence fields with respect to kernel ignition and growth. The
PLIF experimental setup diagram illustrating the orientation of the
three cameras employed relative to the laser beams and flame is
presented in Fig 1.

The OH radical was fluoresced using an Edgewave Nd-YAG laser
(Edgewave IS8II -E) that pumps a tunable dye laser (Sirah Credo).
This system produced a wavelength of 283 nm that overlapped
onto the strong Q;(6) transition for A2X+ « X2TI(1, 0) excitation,
where the energy was measured at 0.14 mJ/pulse. The OH PLIF
signal was collected with a 150 mm focal length, fx =1.65, 6 ele-
ment UV lens (2 of CVI LAPQ-300.0-60.0-PM + APMQ-300.0-60.0-
PM) resulting in a mapped pixel resolution of 56 pm/pixel. Inter-

ferences were blocked using a 15nm FWHM band pass filter cen-
tred at 315nm (Semrock FFO1-315/15-50) and a coloured glass fil-
ter (1 mm, UG-11) combined with a short intensifier gate time of
200ns.

Excitation of the CH,0 PLIF was achieved using the third har-
monic at 355nm from an Nd:YAG (Edgewave HD30II-E) laser. Ex-
citation at 355 nm probes the weaker rotational transitions within

_1
the A'A; — X A;4) vibronic state. The 355 nm beam was measured
to be 25mm high and 350 um wide at the probe volume with an
energy of 3.3m]J/pulse. The CH,O PLIF signal was collected with
an 85mm, fz =12 lens resulting in a mapped pixel resolution of
56 um/pixel. A combination of a 409 nm longpass filter (Semrock
FF02-409/LP-25) the 355nm beam being p-polarized and a short
intensifier gate time of 200 ns removed interferences.

Collection of the OH and CH,O signals were obtained perpen-
dicular to the laser sheet using two high-speed CMOS cameras
after imaging with two staged (LaVision HS-IRO) intensifiers. The
mapping between the CH,0 and OH cameras was achieved using
a metal plate with uniformly spaced 1 mm holes; after which a
polynomial warping and correction was applied. The image map-
ping between the OH and CH,O PLIF cameras were achieved with
a mean pixel mapping error of 0.4 pixels and a maximum error of
0.8 pixels which is acceptable for [CH,0] x [OH] product imaging.

Cross-talk interferences between the CH,0 and OH PLIF sig-
nals were eliminated by delaying the 355nm beam from the
283nm beam by 200ns. Beam energy fluctuations for both
the 355 and 283 nm were acquired using photodiodes (Thorlabs
DET10A) and recorded using a digital storage oscilloscope (Tek-
tronix DSA70404C). Beam expansion telescopes were utilized to
match the focal point of the 283 and 355 nm beams at the probe
volume as well as to expand the beams in the vertical direction.
The spatially overlapping region for both OH and CH,0 PLIF sig-
nals was 20 mm (height)x43 mm (width). The signal to noise ra-
tio, (SNR: the ratio of a mean signal to the RMS) for OH and
CH,O0 PLIF is around 11 if the mean signal is around 300 counts
for both. However, the peak count levels for this setup of OH and
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Fig. 2. Results for heat release (HR) and the product, CH,O x OH, computed for a pure DME jet opposing hot coflow products from a premixed H,/air flame at 1400 K
(¢ =0.39). (a) Profiles of the product CH,O x OH vs. HR plotted for strain rates of a=2s"1, 50s~! and 250s~' at 300us post autoignition (solid lines). For the case of
a=250s"", two additional profiles are also shown for times before (*) and during (**) ignition. The horizontal line shows a sample value of the product CH,0 x OH for
which a histogram for the computed values is determined (b) Color contours of the probability density of the correlation between the product CH,O x OH and HR is

obtained from the entire set of 20 simulations.

Table 2
Maximum CH,O signal yield from a Bunsen flame for varying
equivalence ratios using DME and CHy4 fuels.

DME
Equivalence ratio (¢) CH,0 signal
1 240
2 512
5 912
CHy4
3 27

CH,0 are ~1100 and ~320, respectively and at these signal levels,
the SNR’s are 20 and 11, respectively. The third camera collecting
the chemiluminescence was oriented at 20° to the other two PLIF
cameras. The signal was collected with a visible 50 mm, fz =12
Nikon lens and this has included broadband chemiluminescence. A
separate spectroscopic analysis confirmed that chemiluminescence
from these DME non-sooting flames is mostly due to CH*. The im-
age size was 77 mmx 77 mm and had a mapped pixel resolution of
100 pm/pixel.

The excitation of CH,O with relatively low laser energies from
the third harmonic of a high-repetition laser at 355 nm is applica-
ble for DME (but not CH4) flames due to the amount of CH,O pro-
duced. The increased CH,0 signal above the background collected
by this system for a DME Bunsen flame using different equivalence
ratios compared to CH4 is presented in Table 2. The yields are
based off an unquantified comparison; excluding population den-
sity and quenching for a 355 nm laser for the corresponding fuels.
For comparison, 1-D premixed flames for CH; and DME at stoi-
chiometric values gave a mole fraction of 9.5 x 104 and 8 x 10—3
respectively. The close to an order of magnitude difference in mole
fractions is consistent with the difference in fluorescence signals
obtained for these two fuels.

3. Correlation of OH x CH,0 with heat release

Results from multiple transient opposed flow simulations are
presented in Fig. 2. The flow configuration corresponds to opposed
streams of pure DME on one side against combustion products
from a premixed H,/air flame at an equivalence ratio of ¢ =0.4

and T=1400 K. The Cantera code [61] with a transient Ember
solver [62] is employed using multicomponent diffusion and the
reduced Pan mechanism for DME which consists of 29 species and
66 reactions [55]. Twenty simulations are repeated for strain rates
spanning the range a=2-500s"! and the results of heat release
(HR in kW/m3) versus the “expected LIF counts” from the prod-
uct of OHxCH,O0 are plotted. Samples of these results are shown in
Fig. 2a for strain rates of a=2s-1, 50s~! and 250s~! at 300ps
post autoignition. For the case of a=250s"! two additional
profiles are also shown for times before (*) and during
ignition (**).

The “expected LIF count” from the product of CH,O x OH is rep-
resentative of the LIF signal that would have been obtained from
the calculated concentrations. To determine this, the computed OH
and CH,0 concentrations are corrected for quenching and Boltz-
mann population distribution as follows: The OH LIF correction is
well understood and has been performed in accordance with Ka-
mura et al. [62]. However, the quenching properties of the poly-
atomic molecule, CH,0, is not as well understood and multiple
groups have approximated the quenching characteristics using a
temperature based correlation Q o T-03 [45,63-65]. In this paper,
an approximate species-based correction is applied by obtaining
temperature based quenching cross sections of N, and O, from
Yamasaki and Tezaki [66]. They showed that both the more pas-
sive quencher, N,, and aggressive quencher, O,, (which is approx-
imately 8 times greater than N,) have very similar negative linear
gradients for an Arrhenius fit with temperature. This linearity for
the two extreme quenchers justified the assumption that the other
known room temperature (~300K) quenchers (DME, CO,, CO, NO
and CH,0) behave in a similar way, with the room temperature
quenching cross sections [66,67] used for the intercept on the Ar-
rhenius fit. Finally, the Boltzmann correction for a 355nm excita-
tion of CH,O was used from the work of Kyritsis et al. [68] and
Clouthier and Ramsay [69].

Bins of fixed values of product CH,0O x OH (as illustrated by
the horizontal line of Fig. 2a) are then employed to construct a
histogram of HR from the intersection of the 20 simulations. This
process is repeated to extract the correlation between HR and the
“expected LIF counts” for the product of CH,O x OH as shown in
Fig. 2b. The color bar shown on the right-hand side of Fig. 2b
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Fig. 3. Average stacked OH and CH,O0 PLIF results for partial premixing,
air:DME =3:1 U;=50m/s with coflow temperatures of T, =1275K (left column) and
Tc =1400K (right column). Colour bars describe the signal counts and correspond
to each OH and CH,0 row respectively. The horizontal line indicates the mean OH
lift-off height.

marks a probability density for the joint correlation between HR
and the product CH,0 x OH. The data has been presented by nor-
malizing each row to form a color map that produces the most
probable heat release values for a given CH,0 x OH product. That
is for a given product CH,0 x OH of ~6000 counts?, there is 50 %
confidence that this produces 5 x 106 kW/m?3 of heat, while 20,000
counts? has a more uniform probability of ~20% for an interval:
1.8-2.5 x 107 kW/m3. The lean branch (upper bound) from the sim-
ulation has a better correlation of CH,O x OH to heat release.
Furthermore, solutions from the transient solver were collected at
~10ps intervals post autoignition. Autoignition is defined when the
OH signal exceeds ~100 counts (after LIF correction) as per the
experiment. While the correlation between heat release and the
product of CH,0 x OH seems to break down for steady diffusion
or partially premixed flames [64,65], it remains valid for the tran-
sient state where auto-ignition is occurring as relevant to the flows
considered here.

4. Experimental results

Selected mean and instantaneous LIF-OH and LIF-CH,O struc-
tures (such as those shown in the images of Fig. 3) are reported
here with a particular focus on the upstream region close to

the stabilization point. Section 4.1 presents flame mean images
for the premixing of air:DME=3:1, U;=50m/s, Tc=1400K and
Tc=1275K. Section 4.2 shows cases of instantaneous images for
a pure DME jet obtained from both PLIF and chemiluminescence
results.”

Sections 4.3-4.9 analyse kernel dynamics: formation rates,
growth rates, aspect ratios and kernel heat release. Formation rates
and a 2-D map have been presented based on kernel formation
centroids, while growth rates and kernel aspect ratios describe the
physical kernel evolution. Finally, heat release results are obtained
from the overlap between CH,0 and OH. Results for the relative
differences in heat release from: high and low coflow tempera-
tures, varying premixing/ dilution ratios are presented.

4.1. Mean flame signal: 3:1=DME:Air Uy=50m/s

There are notable differences in both the OH and CH,O0 fields
and their spatial correlation between the high and low coflow tem-
perature cases. It is observed in Fig. 3 that the OH initiation occurs
at x/D~8 and x/D~25 for the T,=1400K and T.=1275K cases
respectively; agreeing closely with the chemiluminescence lift-off
heights presented in a previous publication [60]. The lift-off height
is defined by the axial position for which OH has a peak gradient
(d[OH]/dx) along a vertical line that intersects with the peak OH
signal.

The radial OH width for the lower coflow temperature case
(Tc =1275K) is much broader for all x/Ds despite the stoichiomet-
ric mixture fraction (&) being very similar. The low-temperature
coflow case for T, =1275K, has a peak in OH signal near the flame
base, whilst at higher temperatures (T.=1400K) the signal re-
mains high for almost the full length of the flame with a peak
signal closer to the jet centre. For the lower coflow temperature
with T, =1275K, the flame base (marked by the horizontal dashed
line in Fig. 3) is not only much further downstream than that of
T.=1400K but appears to have a spatially wider OH profile. This is
because at this downstream location of x/D~28, and for the same
mixture fraction band, OH covers a broader spatial range because
of the shallower gradients. It is evident that as the flame stabi-
lization region transitions to a downstream axial location, it expe-
riences different flow and mixing fields. However, the key factor
remains that these transitions are induced by the co-flow temper-
ature which changes the ignition delay times significantly but also
influences the most ignitable mixture and the tolerable scalar dis-
sipation rates. These trends are also consistent with transient lam-
inar flame calculations for auto-igniting mixtures.

The initial formation of the CH,0 signal seen in Fig. 3 occurs in
similar axial locations of x/D~ 6 for both the high and low coflow
temperatures and this is much earlier than the region of OH initia-
tion. The location of the CH,0 radical relative to OH indicates that
CH,O0 is forming in richer regions where entrainment of the coflow
is relatively small, also indicating lower temperatures.

The centreline containing unreacted fuel is indicated by the
absence of LIF-CH,0. The region of unreacted fuel is shorter for
T =1400K extending to x/D~ 12, whereas no CH,O signal occurs
until x/D~ 17 for the low coflow temperature, T =1275K. The ax-
ial distance over which the entire CH,O signal may be detected is
somewhat similar between the coflow cases, extending to x/D ~ 30,
which can be attributed to the comparable jet momentum of both
flames. The radial narrowing of the CH,O signal for the higher
coflow temperature, T, =1400K, leads to the hypothesis that the
flame is burning in a different regime and a visibly more stable
flame brush is observed in the region displayed.

The relative spatial formation of the OH and CH,O species
for the high and low coflow temperature is of interest as a
marker of heat release and further reactivity. At higher coflow
temperatures, Tr=1400K, CH,O0 forms in the centre of the OH
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branches for the axial locations where it is detected. In these re-
gions the spatial overlap in the radial direction is minimal. A build-
up of CH,O0 for the lower coflow temperature (T, = 1275K) occurs
directly below the flame base highlighting its importance before
the formation of OH, where an axial and radial spatial overlap is
observed compared to T, = 1400 K. The accumulation of CH,O rad-
icals upstream of the flame base and OH is indicative of it being
a low-temperature species, therefore, highlighting CH,0’s impor-
tance to the lead up to autoignition and hence stabilization to the
flame. There is seemingly less dependence on the build-up of CH,0
below the OH flame base for T.=1400K, indicating a potentially
different stabilization mechanism.

The relative build-up of OH and CH,O at T,=1400K is sim-
ilar to that reported by Nomad et al. [70] for autoigniting lam-
inar methane flames. However, the lower coflow temperature,
T.=1275K, is better represented by the MILD combustion au-
toigniting flames at a correspondingly lower relative temperature.
The species accumulating in the pool of radicals leading to au-
toignition has been further verified in another laminar flame sim-
ulation by Deng et al. [35] with DME and Air.

4.2. Instantaneous kernel structure

A kernel refers to an island of LIF-OH (OH-kernel) or an is-
land of chemiluminescence (CL-kernel) upstream of the respective
OH or chemiluminescent flame base, overlapping LIF-OH and LIF-
CH,O0 is termed a HR-kernel (heat release kernel). The OH-kernels
were extracted after the images were processed using a median
filter. Other processing methods such as gradient sharpening tech-
niques were also applied with negligible difference in the process-
ing results. Therefore, it was determined that the noise process-
ing method was not too sensitive for the issues of relevance here,
namely: kernel growth rate, kernel aspect ratios or the heat release
analysis. A pixel threshold was also applied, where it is noted an
OH-kernel ignition event forms approximately three times above
the background with the OH-kernel peak signal being more than
an order of magnitude greater. As such the pixel thresholding was
also not too sensitive in the processing analysis. The CH,O sig-
nal of interest is that projected onto the OH-kernel and as such
only required a background, beam and absorption correction was
required.

Instantaneous samples from the time evolution of PLIF OH and
CH,0 images collected from a pure DME jet with coflow tempera-
tures: T,=1225K and T, =1400K is seen in Figs. 4 and 5, respec-
tively; they present kernel formation and growth for 100ps inter-
vals. This sequence highlights the formation of a kernel, its growth
and the varying perspective that the chemiluminescence camera
observes. Kernels produced from a pure fuel jet compared to the
increased premixed cases have been found to grow at a slower
rate, which is further explored in Section 4.5 of the paper.

4.2.1. Pure DME Jet: T =1225K

The evolution of an autoignition event, OH-kernel, is defined by
the number of OH pixels below the flame base exceeding a sig-
nal threshold above the background. The CH,O kernel signal is the
projected signal that overlaps onto the given OH-kernel. With this
definition, the OH-kernel is forming in the first and second image
of Fig. 4 and continues to grow in the following images.

The 2-D projected OH-kernel growth is somewhat spherical
whilst advecting downstream with no upstream kernel centroid
propagation. The OH-kernel is predominantly on the outside of the
CH,0 sheet, two diameters from the jet centreline as observed in
Fig. 4a and b. Having captured the signals simultaneously with
sub-pixel spatial alignment between the OH and CH,O cameras
the product of the two signals given in Fig. 4c marks the overlap;

where it is indicative of the heat release for the kernel. Heat re-
lease occurs from the first image, in row c of Fig. 4, and this is de-
fined as kernel initiation. It is interesting to note that initially, the
heat release distribution within the kernel is uniform until about
300 ps. Beyond this time, the distribution changes and the inten-
sity becomes progressively stronger on the kernel’s edge closest
to the CH,O sheet toward the centre of the jet. The pattern and
trends in heat release are discussed in more detail later in the pa-
per.

The chemiluminescence images shown in Fig. 4d capture a
larger field of view than the PLIF images. Therefore, the lines B-
B and A-A are the boundaries for the PLIF camera, while line C-C
marks the location of the laser sheet. While the OH kernel initiates
in the first image (row a) and the product CH,O x OH indicates
uniform heat release from it (row c), the chemiluminescence cam-
era does not show any signal until 900 ps later (last frame of row
d). It was noted earlier that the chemiluminescence observed here
is largely due to CH* and its delayed appearance is most proba-
bly due to a lower sensitivity in the camera although a mismatch
between the production of CH* and the product CH,O x OH may
also be a contributor. This latter aspect cannot be confirmed here
and may be the subject of further investigations. Other cases have
been found where a kernel forms in the chemiluminescence cam-
era and not until it grows and crosses the laser sheet C-C does it
appear on the PLIF camera. However, there are multiple occasions
where an OH-kernel is observed in the PLIF OH image but not on
the chemiluminescence camera.

4.2.2. Pure DME Jet: T = 1400K

Increasing the coflow temperature from T, = 1225 to T, =1400K
for the same pure DME jet changes many characteristics of the
flame as shown in the sample sequence of images presented in
Fig. 5. Kernels are forming much closer to the flame base, where
the flame base is observed in the chemiluminescence images (row
d) and appears in the LIF-OH frame as it cuts the line B-B. A simi-
larly sized kernel to the low coflow temperature, T, = 1225 K, forms
in the first to the second image but the formation is much further
upstream and closer to the flame base. Since the kernel forms so
close to the flame base, it is consumed within 300 ps.

The OH-kernel forms further outside the CH,O sheet relative to
the lower T, =1225K coflow case, where OH forms closer to the
shear layer between the coflow and jet. The centre of the CH,0
sheet has a region of no signal owing to the fuel jet having no
low-temperature reactions taking place at this upstream axial lo-
cation. Furthermore, since the ignition kernel is further outside of
the CH,O layer, the overlap is identified to be smaller and this is
explored in more detail later in the paper.

4.3. Formation of OH-kernels

This section tracks the formation and evolution of OH-kernels
as markers of autoignition events. It is acknowledged here that ini-
tiation of kernels would have occurred upstream in fluid parcels
populated by other species, such as CH,0, before OH is produced
however they cannot be conditioned appropriately for accurate di-
agnostics or are not measured (such as HO,). For convenience, the
centroids of OH-kernels are tracked in consecutive images, and the
OH-kernel centroids are binarized, creating a 2-D formation map
as seen in Fig. 6. The color bars indicate the rate of OH-kernel for-
mation (kern/mm?2*s) at the relevant location. Heat release kernels
(HR-kernels) as marked by the product of CH,0 x OH are discussed
in a subsequent section of this paper.

From the formation map in Fig. 6a higher coflow temperature
of T =1400K produces ignition OH-kernels at higher localized fre-
quencies, where they form much closer to the exit nozzle and
shear layer of the fuel jet. A decrease in coflow temperature, from
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Tc=1400K for Uj=50m/s drastically increases the downstream
location and axial range, for OH-kernel formation, albeit with a
lower peak formation frequency. For a common coflow tempera-
ture of T, =1400K, OH-kernels from a pure fuel jet form further
upstream and have a reduced axial and radial formation range.
Coflow temperatures lower than T, =1400K produce, for the pure
DME jet, OH-Kernels well outside of the centreline. However, with
increasing premixing, such as the case with air:DME =1:1, kernels
move closer inwards. For the air:DME=3:1 case with T, =1275K,
OH-kernels form along the centreline with increased probability of
formation moving radially outwards.

Increasing the jet velocity to U;=100m/s with air:DME=3:1
moves the formation of OH-kernels further downstream for both
the T, =1400K and T, =1275K coflow. Additionally, the axial range
and formation rate of OH-Kernels increase for increased jet ve-
locity for both the high and low coflow temperatures. Finally, by
analysing the spatial map of OH-kernels for high and low coflow
temperatures, it is evident that at high T, kernels form further
upstream in regions with potentially steeper mixture fraction gra-
dients. Even though the low-temperature kernels are more spread
axially and radially, they could be potentially across similar mix-
ture fraction iso-contours as they are further downstream.

4.4. OH-kernel formation rates

The axial formation rates of OH-kernels are binned into incre-
ments of three jet diameters based on new OH-kernel centroids
and are presented in Fig. 7. Formation rates are presented based
on: air premixing and jet velocity, dilution or premixing and in-

creased jet velocity (Uy=100m/s). The radial dimension has been
‘collapsed’ from the 2-D formation map presented previously in
Fig. 6. The findings are summarized in bullet points below in re-
gards to how varying partial premixing, coflow temperature and
jet velocity effects OH-kernel formation: rates, location, and axial
range.

+ A reduction in coflow temperature is found to produce OH-
kernels further downstream for all partial premixing cases. Ad-
ditionally, the axial range is larger but more intermittent such
that the temporal integration of formation rates is similar be-
tween high and low coflow temperatures for a given premixing
case.

Increased partial premixing for a common coflow temperature
induces higher OH-kernel formation rates. The explanation for
the increased formation rate is identified in Fig. 6, where ker-
nels are forming with increased radial and axial range in the
fuel jet, identifying that ignitable mixtures are more prevalent.
A reduction in partial premixing is found to increase the ax-
ial range of kernel formation, noting that coflow temperatures
between premixing cases were chosen based on similarity be-
tween lift-off heights. The axial broadening in formation rates is
an attribute of the slower formation rate of reduced premixed
jets; where a slower formation rate, in fact, creates a spatially
broader formation range. A previous publication [60] has iden-
tified the downstream advection velocity of a pure DME fuel
jet flame base is a lot slower than premixing of air:DME=3:1;
excluding kernel merging events. This decreased advection ve-
locity explains how the formation rate can be slower while the
lift-off height is similar.
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« Results for OH-kernels at Uy=100m/s, air:DME =3:1, indicate
formation rates and the axial location for new OH-kernels in-
crease for both high and low coflow temperatures. The in-
creased rates may be due to the improved mixing rates induced
by the higher shear between the fuel jet and coflow; further
measurements are needed to ascertain this speculation.

Jet dilution with nitrogen for the N,:DME=3:1 case seen in
Fig. 7 leads to an increase in OH-kernel formation rates for
both the T,=1400K and T, =1275K coflow. However, the peak
formation rate shifts downstream, with this being more pro-
nounced for the T, = 1275 K coflow. The downstream shift in the
formation rate is expected as the addition of an inert diluent
reduces the reactivity of the mixture and hence increases the
delay time for autoignition.

Formation rates have previously been presented from chemi-
luminescence measurements [60] and these were found to be
is five times lower than those obtained from the OH PLIF mea-
surements in Fig. 7. The reduced formation rate emphasizes the
finding in Fig. 4 where OH-kernels form well before chemilumi-
nescence and in some instances OH-kernels are detected from
PLIF measurements but not from chemiluminescence of CH*.
Laminar calculations using a 1-D isobaric reactor and the NUIG
Mech_56.54 mechanism [50] confirm that the initial formation
of OH can form up to 1 ms earlier than CH*.

Biasing of kernel formation rates from planar OH measure-
ments may occur as a kernel that forms out of plane may then
grow into the plane. The inter-plane growth would be regis-
tered as a new event increasing the formation rate: indicating
that volumetric OH-LIF measurements are required to diagnose
between out plane formation and inter-plane growth.

4.5. OH-kernel growth

Mean OH-kernel growth rates are presented in Fig. 8a based on
one second of consecutive images collected at 10kHz. The kernel
size is defined by the OH-kernel projected onto the laser sheet,
where the number of OH-kernel pixels is converted to mm?2 us-
ing the cameras pixel resolution. The OH-kernels grow larger than
what is presented here of ~25mm? for lower coflow temperatures
(less than T, =1400K). However, owing to the small OH-PLIF cam-

era field of view, these kernels are excluded for further analysis
and the reader is directed to another publication [60]. In this pub-
lication, chemiluminescence from low coflow temperature kernels
grow up to 180 mm? for pure DME, 150 mm? for 1:1 and 130 mm?
for 3:1 before merging with the flame base.

Growth rates are affected by in- and out-of-plane motion. How-
ever, mean values are presented here and these are found to be
not affected by out-of-plane motion as confirmed by Meares et al.
[71] for a non-premixed piloted burner.

In Fig. 8a there exists a linear relationship between size and
evolution duration since the initiation of an OH-kernel. However,
for all premixed and diluted cases studied here, the lower coflow
temperatures yield OH-kernels that are growing faster. The dual-
ity in growth behaviour between coflow temperatures can be ex-
plained by analyzing Fig. 8b where the aspect ratio of a kernel (ax-
ial length/ width) for a given evolution time is presented. Again
there is a separation between the aspect ratio from lower and
higher coflow temperatures for a given premixing ratio, dilution
and fuel velocity. Lower coflow temperatures (~T. =1250K) all ex-
hibit near unity aspect ratios identifying as is observed visually in
Fig. 4 the kernels are circular in shape. However, higher coflow
temperatures (T, =1400K) have increased aspect ratios, indicating
that they are no longer circular but elongated in the axial direc-
tion.

It is of interest that the aspect ratio of the OH-kernel with time
or correspondingly with respect to size is not significantly chang-
ing; indicating they are growing preferentially along contours of
similar mixture fractions. That is, the higher coflow temperature
kernels form in an elongated manner and grow around its cen-
troid, elongating slightly. Since the lower coflow temperature leads
to the formation of OH-kernels further downstream, the spher-
ical nature and growth could indeed be along similar contours
of mixture fractions as the spatial mixture fraction gradients are
not as steep. Furthermore, increases in coflow temperature, i.e.,
T.=1400K, leads to the ignition of kernels with leaner mixture
fractions and within regions of higher strain rates. This implies that
at such high-temperature conditions, ignition and kernel growth
could be occurring across a wider mixture fraction range.

Finally, the aspect ratios further indicate that for a constant
premixed ratio at air:DME=3:1 with varied injection velocities
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(Uy=50m/s to U;=100m/s) kernels are forming and growing with
a similar shape. The similar aspect ratio leads implies that while
the mixture fraction field is constant between fuel jet velocities,
similar turbulence levels or scalar dissipation rates are required
for the initiation of kernels. It is worth noting for increased veloc-
ity, Uy=100m/s, kernels are forming slightly further downstream
as seen in Fig. 8.

4.6. Kernel signal intensities

Before analyzing the average heat release from autoignition
events, a definition of the integrated heat release is required. The
overlap of CH,O onto the OH-kernel is employed here as a surro-
gate for heat release, where this correlation is confirmed in Fig. 2.
Therefore, the heat release reported hereon is based on the prod-
uct between an OH-kernel defined in Fig. 9 (OH Kernel) and the
corresponding CH,O signal that is projected onto it, Fig. 9 (CH,0
Kernel). Furthermore, the integrated kernel heat release is deter-
mined by the pixel sum from the product CH,0 x OH, Fig. 9 (CH,0
x OH), across the entire OH-kernel and their corresponding signal
intensities.

An example of an ignition event for a high and low coflow tem-
perature is seen in Fig. 9. It highlights for a low coflow tempera-
ture (a) that the peak OH signal is predominately in the centre of a
kernel whilst the peak CH,O signal is toward the OH-kernel edge.
The product of the two signals, i.e., the heat release, moves relative
to the OH and CH,O signals and peak heat release occurs towards
the upper region of the OH-kernel. A pixel threshold was selected
for the CH,O signal such that it just exceeds the background;
therefore zero CH,O counts are observed, and correspondingly zero
heat release occurs. In Fig. 9b the higher coflow temperature,
T.=1400K, the kernel is elongated axially where the distribution
of OH signal from the T, =1225K and T, = 1400K cases are signifi-
cantly different for these kernel samples. The low-temperature has
a somewhat uniform OH gradient across both axes of the kernel,
while the high-temperature has a radial OH gradient.

The signal distribution presented in Fig. 9 was for a single OH
and HR-kernel, where distribution and intensities vary for differ-
ent samples (seen in the scatter plots below), leading to fluctuating
heat release levels. Furthermore, the signal intensities and spatial
overlap vary for differing fuel mixtures and coflow temperatures. A
summary of the peak signals and the average overlap of CH,0 onto
OH are given in Table 3 for each fuel mixture based on the en-
tire set of kernel events. The percentage of overlap relates to how
much of the OH-kernel is overlapped by CH,0 above the thresh-
old. A decrease in coflow temperature was found to increase the
overlap, seen for the air.DME=3:1 case between T.=1275K and
T =1400K given by 95% and 75% respectively.

Peak OH and CH,0 signals were found to be indicative of sig-
nals within ignition kernels (measured in the region of overlap) for
various fuel mixtures. A decrease in coflow temperature somewhat
surprisingly increases the signal strength for both OH and CH,0
within the kernel region for U;=50m/s. The contrary is observed
for the air:DME=3:1 case with U;=100m/s where the peak OH
signal occurs for higher coflow temperatures.

4.7. Scatter plots: heat release, OH and CH,0

While Table 3 presented the peak signals within kernels and
the mean spatial overlap of OH onto CH,O, it does not show the
correlation between these species, nor does it provide any infor-
mation about the heat release that occurs during various stages of
kernel evolution. Having defined the spatial overlap in Fig. 9 of OH
and CH,0 and how it affects the distribution of heat release within
kernels; scatter plots for OH, CH,O and HR signals are now pre-
sented in Fig. 10 for the case of air:DME =3:1, and for two temper-
atures T =1275K and T. =1400K. Two stages in the kernel evolu-
tion are given; for kernel initiation (triangles) and for 300ps after
initiation (circles).

It can be seen that the correlation of Sgy Vs. Schao is not mono-
tonic for these kernels; that is, a kernel with large Soy does not
correspond distinctly to a low Scyyo. However, as a kernels grow
over 300 ps, the average CH,O signal can be seen to decrease
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Table 3

Spatial overlap of CH,O onto an OH-kernel and their peak signals for all OH-kernels observed for varying: coflow temperatures, premixing and jet

velocities.

Mixing ratio (Uj) Pure DME (50m/s)  air:DME=1:1 (50m/s)

airDME =3:1 (50 m/s)

N;:DME=3:1 (50m/s)  air:DME=3:1 (100 m/s)

Te (K) 1400 1225 1400 1250 1400 1275 1400 1275 1400 1275
Peak CH,0 (Counts) 433 907 433 563 481 574 509 647 518 617
Overlap (%) 50 99 30 95 75 95 40 60 60 92
Peak OH (Counts) 1028 2096 1028 1988 772 1069 1748 2116 2187 961
whilst the OH signal increases. The change in these signals with The lower coflow temperature, T.=1275K, compared to

kernel evolution is expected as the low-temperature build-up of
CH,0 is consumed, leading to higher temperature reactions in-
volving OH. For the heat release (Scyzo X Son) VS. Son, @ some-
what monotonic correlation is observed, where increasing OH lev-
els lead to increased heat release. The slopes for the HR vs. Sgy
plots shown in Fig. 10 (middle column) are labelled Cy and Cq, re-
spectively for the times during kernel initiation and 300ps after.
It is evident that the gradient of the scatter has decreased as ig-
nition progresses (C; <Cp). The decreasing gradient indicates that
as a kernel grows, the HR doesn’t correlate to increasing OH levels
and therefore CH,0 and its overlap has a somewhat larger influ-
ence on the heat release.

For HR vs Scypo the scatter is further decreased, compared to
Son, and the near linear relationship is improved. The slopes for
the for the HR vs. Scypo plots are shown in Fig. 10 (right col-
umn) and are labelled Dy and Dy for the two times during ker-
nel initiation and 300yus after. Contrarily to the slopes of HR vs.
Son, the trends here are reversed so that the gradient for 300pus
after ignition is now higher with D; > Dy (instead of C; < Cy as ob-
served earlier for HR vs. Sgy ). Therefore, as described in Table 3 the
overlap and CH,O intensity has a large influence into the heat re-
leased from a kernel. Reduced scatter for Scypg, Whilst indicat-
ing a stronger correlation to heat release, could be an artefact of
the kernel being defined by the OH kernel contour. That is, the
low-temperature radical, CH,O would occur upstream of OH being
present leading to a reduction in the correlation between HR vs.

Sch20-

T.=1400K, has a larger OH signal for all time intervals, whilst
CH,O0 is similar for both temperatures. The increase in signal levels,
in addition to the increased signal overlap as described in Table 3,
leads to increased heat release levels for the lower coflow temper-
ature. However, the correlation (monotonic relationship) between
HR-OH and between HR-CH,0O (reflected in the slopes C;, Cy and
D4, Dg) in Fig. 10 is similar for the high and low coflow temper-
atures, including the varying correlation with kernel growth. It is
noted that the trends observed here for the air.DME=3:1 case are
reflected also for other premixing ratios (not shown) studied in
this paper.

4.8. Integrated kernel heat release with size

The average integrated heat release for varying HR-kernel sizes
is displayed in Fig. 11 for all cases listed in Table 1, where a linear
relationship between kernel size and time was shown in Fig. 8.

Kernel heat release was normalized with size to indicate that
heat release is growing proportionally to kernel size, shown by the
horizontal lines in Fig. 11. The linear correlation between heat re-
lease and size indicates that whilst heat release forms on part of
a kernel edge, seen in Fig. 4c, it grows proportionally to the ker-
nel area. Note that a quadratic relationship would exist if the heat
release were to be uniform across a growing kernel.

An interesting finding is the degree of difference between the
high and low coflow temperatures; increased coflow temperature,
in fact, decreases the heat release. The difference in heat release
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is predominately attributed to lower coflow temperatures having a
larger spatial overlap of CH,0O onto an OH kernel as observed in
Table 3. The increased spatial overlap is in addition to higher OH
and CH,O signal intensities for lower coflow temperatures.

It is seen in Fig. 11 that heat release increases with reduced
partial premixing for coflow temperatures less than T.=1400K.
Pure DME for T,=1225K produces more integrated heat release
than air:DME=1:1 at T,=1250K followed by air:DME=3:1 at
T.=1275K. It is interesting that whilst the air:DME=3:1 cases are
bimodal between high and low coflow temperatures, the degree of
bimodality is reduced.

The effect of N, dilution has increased the separation of heat
release between the high and low coflow temperature seen in
Fig. 11 (Dilution). The high coflow temperature (T.=1400K) has
increased occurrences for low heat releasing kernels which are
a direct correlation of the reduction in CH,O and OH. The dis-
tribution between OH and CH,0 for T,=1275K N,:DME=3:1 is
similar to that of air:DME=3:1, leading to the similar levels of
heat release. Increased velocity, U;=100m/s, has done very little
to change the heat release levels for a high and low coflow tem-
perature despite T, =1400K kernels producing more OH signal.

The observed linearity of average integrated heat release
with increased kernel size indicates the signal distribution and
intensities do not vary significantly during growth. That is, the
average CH,O signal decreases slightly across an OH-kernel while
the average OH signal increases slightly for an increase in size.
Indicating, size or amount of overlap has a larger influence on
the integrated heat release. There is a relatively strong correlation

between the kernel aspect ratios observed in Fig. 8 and the heat
release profiles from Fig. 11. For example, in the pure DME jet
case the high-temperature coflow, T, =1400K, has a large kernel
aspect ratio (~1.9) and corresponding low heat release. While
the low-temperature coflow, T,=1225K, has a small aspect ratio
(~1.2) and a relatively high heat release. If the aspect ratio is
indicative of the spatial mixture fraction gradient of a kernel as
mentioned in Section 4.5, the heat release is also proportional to
the relative ignitable mixture fraction. Therefore, this potentially
means the higher coflow temperature kernels are igniting in
leaner regions than low coflow temperatures (still igniting in lean
mixtures) which would lead to lower heat release.

4.9. Integrated heat release fluctuations

There are numerous occasions for all fuel cases listed in
Table 1 where there is up to two orders of magnitude difference
for the heat intensity for a given kernel size. The PDF of heat in-
tensities are presented in Fig. 12 for two kernel sizes; 1 mm? is
deemed to be kernel formation and increasing size indicates dif-
ferent stages of kernel propagation.

The variation in heat release for differently sized kernels is at-
tributed to fluctuating levels of OH and CH,O overlap, their respec-
tive signal intensities and distribution throughout an OH-kernel.
Therefore, it is identified that there are instances where a kernel
is burning intensely and is providing significant heat to the flame
base. However, there are other occasions where they are seem-
ingly less fundamental to the heat released into the flame base and
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hence to the stabilization process. Normalizing with kernel size has
produced overlapping PDFs for differing kernel sizes, verifying that
kernel size is attributed to increased integrated heat release op-
posed to varying overlap or signal strength as a kernel propagates.
Furthermore, there are occasions where the 1 mm? kernel can be
burning more intensely than larger kernels.

For high coflow temperatures (T, =1400K), the pdf is strongly
‘skewed’ to the right i.e., reduced heat release, verifying why the
integrated average heat release in Fig. 11 is smaller for increased
coflow temperature. The increased probability for high coflow tem-
peratures producing less heat release is more pronounced for pure
DME (not displayed). Stabilization due to autoignition is theorized
to produce kernels that are significant to stabilization and have
high reactivity/heat release, where this is observed for low coflow
temperatures. Higher coflow temperatures have minimal heat re-
leasing kernels and therefore it is theorized to be stabilized by
flame propagation in addition to autoignition events.

The PDF makes it possible to identify how the increased ve-
locity (Uj=100m/s) for air:DME=3:1, Tc=1400K can have in-
stances where a kernel has larger peak OH (Table 3) and heat
release intensities (Fig. 12) than the T.=1275K U;=50m/s case,
while the overall average heat release is less given by Fig. 11. The
smaller average heat release for increased velocity is due to an
even greater left skew for T.=1400K, with more occurrences of
kernels having minimal heat release. The range in heat release for
increased velocity may be due to increased turbulence producing
both higher scalar dissipation and similar dissipative levels to the
lower U;=50m/s case; however, this requires further investigation.

5. Conclusion

This paper presents an experimental study of the autoignition
characteristics of DME using a jet in a hot vitiated coflow burner.
A range of jet dilution and partial premixing ratios are studied for
high (T, =1400K) and low coflow (T.=1225-1275K) temperatures
corresponding to a low stable flame and a lifted flame respectively.
High repetition rate (10 kHz) joint imaging of PLIF OH and CH,O
is performed along with imaging of chemiluminescence to moni-
tor the temporal and spatial evolution of ignition kernels and their
movement in and out of the imaging plane. The following conclu-
sions are drawn:

 The lift-off heights and hence regions of OH formation are
further downstream when the coflow temperature is low.
Formaldehyde forms upstream of OH, and significant levels oc-
cur upstream of the flame base for relatively low coflow tem-
peratures. The pooling of CH,0 upstream of OH agrees with
other studies with simpler fuels such as CHy4 [6] for the same
hot vitiated coflow burner.

By using high-speed imaging, kernel formation events could be
identified, where kernels occur upstream of the main stabiliza-
tion zone at both low and high coflow temperatures. The ker-
nels occur further downstream with increased axial range at
lower coflow temperatures.

For a constant coflow temperature, the effect of premixing air
with fuel in the jet is to increase the kernel formation rate
and increase the mean lift-off height. The higher formation rate
with increased premixing therefore indicates that kernel for-
mation rate is not solely a good indication of flame stabiliza-
tion. The kernel formation rate alone is not sufficient to explain
the differences in flame stabilization with increased premixing.
The drift velocity or advection rate of the flame base is needed
to explain this behaviour whereby an increase in advection is
noted with increasing premixing of air in the DME. This find-
ing is consistent with previous results using chemiluminescence
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imaging [60] which show that the downstream flame base ad-
vection of a pure DME jet is slower.

The product of CH,0 x OH LIF signals was used as a heat re-
lease marker for DME where its use was validated from tran-
sient opposed flow simulations. Therefore, the spatial overlap
between the OH and CH,O LIF images was used as a surrogate
for heat release in ignition kernels.

Within a given autoignition kernel a large range of CH,O signals
was found, correlating with a multitude of OH levels. However,
for increasing CH,O levels, there was a broad correlation of in-
creasing heat release; this correlation was found to be much
stronger than that of OH and heat release.

The amount of integrated heat release has a linear correlation
with kernel size, which indicates the relative overlap and in-
tensities of OH and CH,0 do not vary significantly during ker-
nel evolution. That is heat release is predominantly produced
on a single kernel edge and grows at a proportional rate to the
kernel area.

Lower coflow temperatures produced kernels with greater heat
release relative to the high coflow temperatures. The OH and
CH,O0 signal levels vary slightly between high and low coflow
temperatures, however, spatial overlap of CH,0 onto OH varies
the greatest; with lower coflow temperatures having a larger
overlap.

The relatively small heat release for a high coflow temperature
is seemingly correlated with the large aspect ratio of a kernel
(axial elongation). Assuming that the aspect ratio is indicative
to mixture fraction gradients it identifies that kernels from hot-
ter coflow temperatures ignite in leaner regions, in regions of
steeper mixture fraction gradients.

The results presented in this paper have explored kernel evolution
and heat release exclusively for DME. The use of DME as a fuel in
this study allows the sustained high-speed PLIF of CH,O at rela-
tively low laser energies (3.3 mJ/pulse) with high SNR; other fuels
such as CH4 require significantly more energy, an order of magni-
tude greater. DME despite being a more complex fuel with mild
NTC characteristics behaves at least with respect to lift-off heights
and its dependence on coflow temperatures, similarly to simpler
fuels such as H, and CHy4. The varying levels of kernel heat re-
lease due to coflow temperatures are hypothesized to be primarily
influenced by ignition kernels propagating in differing mixtures.
The higher coflow temperatures are seemingly igniting at leaner
mixtures with steeper mixture fraction gradients. Further measure-
ments of composition and mixture fraction space would provide
deeper insight into the structure around kernel evolution events
identified in this paper.
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